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proteins arranges one a helix of each monomer with its analog so that they fit into successive major grooves of DNA.
A second DNA binding motif, common to many eukaryotic gene regulatory proteins, has recently been discovered. The founding member of this second family is a metalloprotein, termed TFIIIA, which acts as a positive regulator of 5S RNA gene expression (3). The amino acid sequence of TFIIIA has a repeating motif consisting of two closely spaced cysteines followed by two histidines (4). Biophysical studies indicate that a zinc ion is tetrahedrally coordinated by the cysteine-histidine motif, and that the coordination complex imparts both stability and DNA sequence-specificity to the TFIIIA polypeptide (5). The amino acid sequence diagnostic of this motif, termed the "zinc finger," is being observed in an ever increasing number of eukaryotic gene regulatory proteins (6, 7).
Two fundamental concepts have been established from studies on sequence-specific DNA binding proteins. The first, which satisfies long-standing predictions, holds that binding specificity results from direct atomic interaction between amino acid side chains and base pairs in minimally distorted B DNA. There seems, however, to be no general code that specifies the amino acid surface necessary to interact stably with a given DNA surface. In contrast, a second and less intuitively obvious concept has emerged. That is, a limited number of structural motifs "steer" the appropriate amino acid side chains of a protein into the grooves of double helical DNA where they can interact directly with base pairs. These structural motifs are composed primarily of amino acid residues that do not make direct contact with the DNA. Rather, they form three-dimensional "scaf- There are ample reasons to anticipate new and different structural motifs for DNA binding proteins. For example, crystallographic studies of the restriction endonuclease Eco RI show that its recognition specificity is not established by either of the aforementioned structural motifs (9). Moreover, the amino acid sequences of at least three newly identified sequence-specific DNA binding proteins have failed to show relatedness to either the "helix-turnhelix" motif or the "zinc finger" motif (10, 11). Finally, amino acid sequence analyses of nuclear oncogene products, which have been anticipated to modulate gene expression by binding DNA (12) , have failed to show similarity to either of the established DNA binding motifs.
We now describe an amino acid sequence motif common to five DNA binding proteins: three nuclear transforming proteins, and two transcriptional regulatory proteins. The motif consists of a periodic repetition of leucine residues. We propose that the leucines extend from an unusually long a helix, and that the leucine side chains of one helix interdigitate with those of a matching helix from a second polypeptide to form a stable noncovalent linkage. A periodicity of leucines. Rat liver nuclei contain a heat-stable protein that is capable of binding in a sequence-specific manner to regulatory DNA sequences common to a number of different animal virus chromosomes (13) . Two of the cis-regulatory DNA sequences to which this protein binds are the "CCAAT homology" common to many promoters of genes that encode messenger RNA, and the "enhancer core homology" common to many viral enhancers. Since it was not initially realized that the same protein accounted for both DNA binding activities, it was variously termed CBP (CCAAT binding protein) or EBP (enhancer binding protein). The physiological role of this protein is poorly understood; as such, we continue to designate the protein merely according to its binding specificity (C/EBP).
The gene that encodes C/EBP has been isolated as a recombinant clone, and the DNA binding domain of the protein has been localized to a 14-kD segment (11). The amino acid sequence of the C/EBP DNA binding domain contains an abundance of residues with charged side chains, especially lysines and arginines; however, no prolines occur within this region. Since proline residues are seldom found in ax helices, we arranged the amino acid sequence of C/EBP on a schematic ax helix. When analyzed in this way, a 28-amino-acid segment of the DNA binding domain exhibited notable amphipathy ( Fig. 2) . The sequence of mouse c-Myc, starting 32 residues upstream from its carboxyl terminus, exhibits leucines at every seventh residue over eight hypothetical turns of a helix. The same periodic array of leucines occurs in human c-Myc, a related human protein termed n-Myc, and at three out of four positions in human L-Myc (Fig. 2) . The single deviation from this heptad periodicity of leucines was observed in human L-Myc, and consisted of a replacement by methionine.
Amino acid sequence similarities have been noted between c-Myc and two other nuclear transforming proteins, Fos and Jun (14). Moreover, both structural and functional evidence has indicated that Jun is related to GCN4, a DNA binding protein from yeast that plays a direct role in regulating transcription (14, 15). When displayed on schematic a helices, we noticed that the related sequences of each of these proteins exhibit at least four periodic repeats of leucine residues (Fig. 2) .
The invariant occurrence of at least four leucine repeats in five different proteins is not reflective of general sequence similarity. Although any two of the proteins share substantial similarity within this intriguing region (that is, CIEBP is quite similar to c-Myc, and Jun is even more similar to GCN4), no single amino acid, other than the four leucines, is conserved among all four proteins. Indeed, Jun and GCN4 share only one other identity with C/EBP within this 28-residue window, and Fos shares only two other identities (see Fig.  2 ).
Prediction of unusual helix stability. The leucine repeat common to the aforementioned proteins was observed as a consequence of projecting amino acid sequences on an idealized a helix. If these segments of protein actually exist in an a-helical conformation, the predicted helices would be unusually long. The distance from the first leucine to the fourth, 22 amino acids, would require a minimum of six helical turns. C/EBP, Jun, and Fos actually contain five leucine repeats, which would span at least eight a-helical turns. Two of the primary forces that stabilize a helices are the amphipathic arrangement of hydrophobic amino acids and the occurrence of oppositely charged amino acid pairs configured in a manner that allows formation of a salt bridge (16-19) . These unusual a helices, which connect dual globular domains within each protein, are exceptionally long, stable, and solventexposed; moreover, they are extremely rich in intrahelical ion pairs, containing an average density of 0.7 ion pair per helical turn. On the experimental side, short peptides with systematically varied amino acid sequences have been synthesized and tested for their propensity to adopt solvent-stable a helical structure. Using such an approach, Marqusee and Baldwin (19) found that the appropriate juxtaposition of oppositely charged residues fostered helix stability.
As noted above, C/EBP exhibits an amphipathic array of hydrophobic residues in the area that shares sequence similarity with cMyc (see Figs. 1 and 2) . Moreover, this same region of the protein is unusually rich in oppositely charged residues that are juxtaposed in a manner suitable for ion pairing. An a-helical display of the region containing the five leucine repeats of C/EBP (Fig. 3) indicates that eight ion pairs occur within the eight helical turns that separate the first leucine from the fifth leucine. Two additional pairs occur in the helical turns that precede the leucine closest to the amino terminus.
The density of ion pairs observed in C/EBP, roughly one per helical turn and evenly spaced throughout the 30-amino-acid region of interest, is exceptionally high. Only helices known to be long, stable, and solvent-exposed have ion pair densities approaching one per turn. On this basis, we predict that a substantial portion of the DNA binding domain of C/EBP, which includes the leucine repeat motif, exists in a solvent-stable, a-helical conformation. Indeed, since the sequence-specific DNA binding activity of C/EBP is unusually heat-stable (13), we suggest that the DNA binding surface may occur within or adjacent to this helix.
Interhelical interdigitation of leucines: The zipper model. Why do each of the nuclear proteins that we have considered contain leucine residues at every seventh position over at least six helical turns? The most obvious response to this question is that the leucines establish amphipathy, which helps to stabilize a long a helix. The "helical wheel" plots of Figs. I and 2 show that C/EBP, GCN4, and Jun contain hydrophobic residues at three out of four positions on the "spoke" immediately adjacent to that containing the four leucines. This arrangement establishes a continuous "spine" of hydrophobicity over six to eight helical turns. The opposite face of each putative helix is rich in amino acids with either charged side chains or uncharged polar side chains. According to our conventions, "spokes" 3 and 6 are opposite from the "spoke" containing leucine residues. Out of the 40 residues that occupy "spokes" 3 and 6 in the five proteins (C/EBP, c-Myc, Fos, Jun, and GCN4), 21 bear charged side chains and 11 bear uncharged polar side chains.
Although amphipathy is a common feature of each of these putative a helices, the degree of surface hydrophobicity along the nonpolar side is not remarkably high. Two of the proteins have almost no hydrophobic amino acids at "spoke" positions adjacent to the leucines; Fos has only a single isoleucine to abet hydrophobicity, and c-Myc has only a single leucine (both are located at position 3 of "spoke" 5; see Fig. 2 ). In these cases, surface hydrophobicity is limited to a very thin "ridge" consisting of one leucine residue every other turn of the helix. Furthermore, if hydrophobicity were the only property necessary along the nonpolar side of these helices, it is perplexing that leucines would be used to the virtual exclusion of all other hydrophobic amino acids.
We have used a computer program to generate a molecular model of C/EBP in the region including its leucine repeats (23). The side chains of C/EBP were programmed onto the a carbon backbone of an idealized ot helix and displayed in three dimensions. The graphics program highlights van der Waals radii in color. We chose to display the periodically repeating leucine residues of C/EBP in blue and all remaining amino acids in red. Figure 4 If we assume that the "ridge" of hydrophobicity of each helix requires a matching surface, and consider that this surface might be donated by a separate polypeptide, perhaps the best candidate is the matching surface donated by the same helix from a second monomer. That is, the hydrophobic surfaces of two leucine helices might interact to form a dimer. Although based on the coiled-coil paradigm, this hypothetical structure is distinctive in several ways. First, the interaction surface is relatively short. Keratins, lamins, and other proteins that adopt a coiled-coil structure rely on dozens or even hundreds of heptad repeats, resulting in extensively interwoven helices (20) . Moreover, the interhelical hydrophobic interactions of those proteins can be established by almost any hydrophobic amino acid. The motif that we propose covers only four or five heptad repeats, and depends almost exclusively on leucine side chains.
Why is leucine used to the virtual exclusion of all other hydrophobic residues? An examination of the structural properties of hydrophobic amino acids may be instructive in this regard. The leucine side chain has two methyl groups extending from its single y carbon, and no methyl groups appended to its 3 carbon. As such, its side chain is long, symmetrical, and bulky at the tip. We predict that these properties allow the leucine residues from one a( helix to interdigitate with those of a second (x helix, forming a molecular zipper between two polypeptides (Fig. 5A) . It is important to note that an ideal (x helix contains slightly more than 3.5 residues per turn. Therefore, if our hypothesis is correct, the paired helices must be distorted in order to maintain maximum packing of the leucine side chains. Our model of ordered interdigitation may account for the exclu-1762 sive use of leucine. Like the tooth of a zipper, the leucine side chain is relatively long and bulky at its tip. Isoleucine also contains an extended side chain that is appended with two methyl groups. However, one of the methyl groups is attached to the 3 carbon of the isoleucine side chain. We propose that the projection of a methyl group from a 3 carbon would interfere sterically with the sequential interdigitation of hydrophobic side chains. According to these interpretations, valine would constitute a particularly ill-suited amino acid. Its side chain is short (relative to leucine) and is appended with two methyl groups extending from the 3 carbon atom. Rather than acting to lock two helices together, valine would block interdigitation. Given these considerations, methionine might be expected to constitute the most suitable alternative to leucine. Like leucine, its 13 carbon is free of attached methyl groups. Moreover, it contains both a methyl group and a bulky sulfur atom at the tip of its side chain. Out of 31 heptad repeats analyzed in our study, we observed 30 leucines and one methionine (see Fig. 2 ). The model that we have presented makes the explicit prediction that the "leucine zipper" would represent the dimerization domain of this class of DNA binding proteins. Although this prediction has not been tested directly, it is known that GCN4 and C/EBP exist in solution as stable dimers (24) . Moreover, the domains of both proteins critical for dimerization map to regions coincident with DNA binding, which includes the periodic leucine repeats. The possibility that a stable dimerization interface can be generated from an a helix of less than ten turns has been demonstrated in model systems with synthetic peptides (25).
If our "leucine zipper" model is correct, then the a helices must interlock in one of two orientations, parallel or anti-parallel relative to the amino-to-carboxyl dipole of each helix. Crystallographic studies have shown that helix packing can occur in either orientation (17) . However, all precedents for coiled-coil interaction between two polypeptides adopt a parallel conformation (20) . Despite this fact, we offer several reasons to anticipate that the "leucine zipper" motif exists in an antiparallel conformation. First, the intimate degree of side chain packing implicit to our model might only be compatible with antiparallel helices. Amino acid side chains are disposed at an angle pointing toward the amino terminus of the helix (Fig. 4) ; as such, an antiparallel arrangement might be better suited for side chain interlocking. Second, an antiparallel conformation would allow the dipole of one helix to attract, rather than repel, the dipole of the matching helix.
We anticipate that the issue of helical orientation will be central to the mode by which these proteins bind DNA. Either conformation, parallel or antiparallel, results in a rotationally symmetric molecule (Fig. 5B) . In an antiparallel conformation, the axis of rotation would be perpendicular to the paired helices, whereas in a parallel conformation, the axis would be in line with the helices. The relevance of helix orientation is underscored by the fact that the "leucine zipper" alone is not sufficient to confer sequence-specific interaction with DNA. Amino acid sequence analysis of C/EBP has shown that the protein contains a high proportion of basic residues in a 30-amino-acid region immediately adjacent to its "leucine zipper" (11). This highly basic region of C/EBP exhibits substantial sequence similarity to a region of the Fos-transforming protein that is juxtaposed identically to its "leucine zipper" (11). Moreover, the C/EBP basic region must remain intact in order for C/EBP to bind DNA (26). We predict that the "leucine zipper" juxtaposes the basic regions of two polypeptides in a manner suitable for sequencespecific recognition of DNA (Fig. 6) .
By comparing the amino acid sequences of several DNA binding proteins we have discovered a repeating motif of leucine residues. We propose that these leucines project from comparatively long, stable, solvent-exposed a helices, and that the leucine residues that SCIENCE, VOL. 24.0 project from one a helix interdigitate with those of a second helix, causing the two molecules to dimerize. We believe that this motif, the "leucine zipper," represents a part of the scaffold that molds a protein to interact with its target site on DNA. Finally, we point out the possibility that the "leucine zipper" might allow dimerization of different polypeptides so long as each subunit contained the motif. Indeed, recent evidence has raised the possibility that the Fos and Jun transforming proteins, which we have shown to contain the leucine repeat motif, form a heterotypic complex (27) . The notion of heterotypic interactions raises potentially important implications relating to the combinatorial action of gene regulatory proteins, and may facilitate a more direct attack on the function of nuclear oncogenes.
